Introduction {#s0001}
============

Activation of toll-like receptors (TLRs) in myeloid-derived cells, such as dendritic cells (DCs), macrophages, and myeloid-derived suppressor cells (MDSCs), has both positive and negative impacts on acute and chronic inflammation and tumor growth.[@cit0001] TLR signaling critically affects the cell type-specific responses of these myeloid-derived cells. Here we investigate how TLR signaling in these myeloid cells leads to differential regulation of tumor growth.

Administration of TLR2 ligands leads to inhibition of tumor growth in mice implanted with cancer cell lines.[@cit0004] TLR2 forms a heterodimer with TLR1 or TLR6 for recognizing bacterial lipoproteins such as triacylated lipoproteins or diacylated lipopeptides, respectively.[@cit0006] Activation of TLR2 by Pam2CSK4 initiates intracellular signaling through an adaptor protein, myeloid differentiation primary response gene 88 (MyD88). In DCs, TLR2-MyD88 signaling induces the production of pro-inflammatory cytokines and accelerates cross-presentation of tumor-associated antigens (TAAs), leading to activation and proliferation of TAA-specific CD8^+^ T cells and stimulation of anti-tumor natural killer (NK) cells.[@cit0005] Thus, activation of TLR2 signaling in DCs is important for initiating anti-tumor effector mechanisms. However, recent studies highlight the tumor-promoting roles of the TLR2 signaling pathway in cancer. Endogenous TLR2 ligands promote tumor development in gastric cancer or accelerate tumor metastasis into lung by modulating myeloid cell function.[@cit0009] TLR2-dependent induction of regulatory T cells (Tregs) inhibits anti-tumor immune responses triggered by TLR2 ligands.[@cit0011] Thus, TLR2 signaling contributes to both inhibition and promotion of tumor growth. The differences in TLR responses appear to be dependent on the types of responding cells, as well as the intracellular signaling pathways downstream of MyD88. Whether TLR2 activation in myeloid cells, especially MDSCs and macrophages, affects the therapeutic efficacy of TLR2 ligands is unclear.

MDSCs are a heterogeneous population of immature myeloid cells that suppress the functions of T cells, NK cells, and DCs by secreting suppressive molecules.[@cit0012] MDSCs negatively regulate excessive immune responses to maintain homeostasis disrupted by infection. However, in cancer development, MDSCs accumulate in tumors, as well as peripheral tissues, providing immunosuppressive conditions favorable for tumor cell growth. In mice, CD11b^+^Gr1^+^ MDSCs are divided into two populations: CD11b^+^Ly6G^−^Ly6C^high^ cells and CD11b^+^Ly6G^+^Ly6C^low^ cells, which are called monocytic MDSCs (M-MDSCs) and polymorphonuclear/granulocytic MDSCs (PMN/G-MDSCs), respectively. M-MDSCs contain immature myeloid cells that are capable of differentiating in the tumor into mature cells including macrophages and DCs.[@cit0013] By contrast, G-MDSCs have a terminally differentiated phenotype largely similar to that of neutrophils.[@cit0014] Although iNOS is a critical factor for the induction of M-MDSC and G-MDSC suppressive activity on T cell proliferation, the immunosuppressive effectors of MDSC subsets are distinct. Nitric oxide (NO), generated by iNOS, is a major effector of M-MDSC-mediated suppression, whereas peroxynitrite (PNT), generated by the reaction of NO with reactive oxygen species (ROS) derived from the NADPH oxidase complex, plays a major role in the suppressive activity of G-MDSCs.[@cit0015] These effector molecules derived from M-MDSCs or G-MDSCs act on T cells to suppress their growth via distinct modes of action.

Recent reports have suggested that the survival, differentiation, and suppressive activity of MDSCs are influenced by TLR signaling.[@cit0017] As MDSCs express TLRs and accumulate in cancer, they, as well as DCs, appear to be primary targets of TLR ligands when administered into tumor-bearing hosts. However, the modulation of MDSC function by TLR signaling in cancer immunotherapy, and its effects on tumor growth, have not been well characterized. TLR2 activation by Pam2CSK4 lipopeptide leads to accumulation of CD11b^+^Gr1^+^ MDSCs in the tumors, as well as peripheral tissues, of tumor-bearing mice.[@cit0018] Therefore, we hypothesized that systemic administration of TLR2 ligands for cancer treatment potentiates immunosuppression by MDSCs and, therefore, negatively affects the anti-tumor response mediated by DCs and CTLs. In the present study, we investigated the effects of TLR2 activation on G-MDSCs and M-MDSCs. TLR2 ligand administration did not enhance the suppressive activity of G-MDSCs, but did enhance that of M-MDSCs by inducing their differentiation into iNOS^+^ macrophages that inhibit T cell proliferation through NO production. IFN-γ produced by T cells was a critical regulator of this process. These effects of TLR2 signaling on M-MDSCs have a negative impact on the therapeutic efficacy of TLR2 ligands in tumor-bearing mice and could be an additional target for adjuvant immunotherapy for cancer.

Results
=======

Pam2CSK4 sustains the survival of MDSCs {#s0002}
---------------------------------------

When tumor-bearing mice were treated with Pam2CSK4, the proportion of CD11b^+^Gr1^+^ cells was increased ([Fig. 1A](#f0001){ref-type="fig"}), as previously reported.[@cit0018] To assess if TLR2 activation affects their viability, we isolated CD11b^+^Gr1^+^ cells from EG7 tumor-bearing mice and cultured them in the presence of Pam2CSK4. As shown in [Fig. 1B](#f0001){ref-type="fig"}, the viability of MDSCs was increased after a 24-h incubation with Pam2CSK4 ([Fig. 1B](#f0001){ref-type="fig"}). Conversely, the proportion of propidium iodide (PI)-stained dead cells was decreased by Pam2CSK4 ([Fig. 1C](#f0001){ref-type="fig"}). This effect was abrogated in MDSCs isolated from TLR2^−/−^ mice bearing tumors (TLR2^−/−^ MDSCs), suggesting that TLR2 activation increased the viability of MDSCs ([Fig. 1B](#f0001){ref-type="fig"}). IL-6 has been implicated in the development of MDSCs.[@cit0019] Although Pam2CSK4 induced IL-6 production by MDSCs (Fig. S1), IL-6^−/−^ MDSCs still showed prolonged survival in response to Pam2CSK4 ([Fig. 1B](#f0001){ref-type="fig"}). Thus, these results suggested that Pam2CSK4 prolonged survival of MDSCs through activation of TLR2 signaling, which is independent of autocrine production of IL-6 by MDSCs. Since TLR2 activation up-regulates the expression of several genes involved in cell cycle progression or cell survival/anti-apoptosis, leading to the proliferation of cancer cells,[@cit0009] we analyzed mRNA expression in MDSCs of anti-apoptotic genes such as *Bcl2l1* and *Bcl3*, and cell cycle progression genes such as *Ccnd1, Ccnd2, Ier3*, and c-*Myc*. Expression of these genes was increased in MDSCs after Pam2CSK4 treatment for 4 h. This effect was abrogated in TLR2^−/−^ MDSCs ([Fig. 1D](#f0001){ref-type="fig"}). G-MDSCs and M-MDSCs expressed TLR2 at a similar level ([Fig. 1E](#f0001){ref-type="fig"}). Both of the MDSC subsets showed prolonged survival with Pam2CSK4 treatment *in vitro* ([Fig. 1F](#f0001){ref-type="fig"}). Thus, activation of TLR2 signaling enhanced the survival of both MDSC subsets, which may be responsible, at least in part, for their accumulation in tumor-bearing mice treated with Pam2CSK4. Figure 1.Pam2CSK4 sustains the survival of CD11b^+^Gr1^+^ MDSCs. (A) EG7 tumor-bearing mice were subcutaneously injected twice with PBS or 50 nmol Pam2CSK4 and OVA protein every 4 days. After 24 hours from last injection, the proportion of CD11b^+^Gr1^+^ cells in the spleen was analyzed by flow cytometry. Numbers adjacent to outlined areas indicate the percentage of relevant population. (B) CD11b^+^Gr1^+^ cells were isolated from EG7 tumor-bearing B6 WT, TLR2^−/−^, or IL-6^−/−^ mice, and cultured in the presence of PBS or Pam2CSK4. After 24 h, cell viability was measured by WST-1 assay. (C) CD11b^+^Gr1^+^ cells treated with PBS (thin line histogram) or Pam2CSK4 (bold line histogram) for 24 hours were analyzed by flow cytometry after staining with PI. (D) Real-time PCR analysis of transcripts for *Bcl2l1, Bcl3, Ccnd1, Ccnd2, ler3*, and c-*Myc* in CD11b^+^Gr1^+^ cells isolated from tumor-bearing B6 WT or TLR2^−/−^ mice after in vitro treatment with Pam2CSK4 or PBS for 4 h. (E) Flow cytometric analysis of Ly6G and Ly6C expression in CD11b^+^Gr1^+^ cells (left). TLR2 expression in G-MDSCs or M-MDSCs (right). (F) G-MDSCs and M-MDSCs were isolated from tumor-bearing mice and incubated with Pam2CSK4 or PBS for 24 h. Cell viability was measured by WST-1 assay. Data represent means ± standard deviation (SD) in graph. n = 3. \*\*P \< 0.005. \*P \< 0.05. All data shown are representative of more than 2 independent experiments.

Pam2CSK4 promotes differentiation of M-MDSCs into CD11b^+^F4/80^+^CD115^+^ macrophages {#s0003}
--------------------------------------------------------------------------------------

We tested whether the frequency of MDSC differentiation into macrophages was affected by Pam2CSK4 treatment, given that MDSCs have the potential to differentiate into macrophages and TLR2 ligands induce macrophage differentiation from monocytes.[@cit0020] CD11b^+^Gr1^+^ cells isolated from tumor-bearing mice were labeled with fluorescent dye to trace their fate in vivo, then adoptively transferred into tumor-bearing mice that were injected with PBS or Pam2CSK4. A small proportion of the CD11b^+^Gr1^+^ MDSCs up-regulated macrophage markers, F4/80 and CD115 (M-CSFR), and decreased Gr1 expression in PBS-treated mice ([Fig. 2A](#f0002){ref-type="fig"}). Interestingly, Pam2CSK4 treatment increased the frequency of F4/80^+^ and CD115^+^ cells derived from adoptively transferred CD11b^+^Gr1^+^ cells ([Fig. 2A](#f0002){ref-type="fig"}). To determine which MDSC subset had the potential to differentiate into macrophages, we isolated each subset and cultured the cells in the presence of Pam2CSK4. F4/80^+^ and CD115^+^ cells were generated from M-MDSCs, but not G-MDSCs, and this response was enhanced by Pam2CSK4 ([Fig. 2B](#f0002){ref-type="fig"}). These results suggested that Pam2CSK4 promoted macrophage differentiation of M-MDSCs, in addition to prolonging their survival. Figure 2.CD11b^+^Gr1^+^ cells differentiate into F4/80^+^/CD115^+^ macrophages *in vivo* and *in vitro*. (A) CFSE-labeled CD11b^+^Gr1^+^ cells (1 × 10^7^) isolated from tumor-bearing mice were adoptively transferred into tumor-bearing mice. After 1 h, the mice were injected intravenously with PBS or 50 nmol Pam2CSK4. After 24 h, splenocytes were analyzed by flow cytometry. CFSE^+^ cells were gated and examined for CD11b and Gr1 expression. CD11b^+^Gr1^−^ cells were further gated (bold line) and analyzed for F4/80 or CD115 expression. Numbers adjacent to outlined areas or above the brackets indicate the percentage of relevant population. (B) CD11b^+^Ly6G^+^Ly6C^low^ cells or CD11b^+^Ly6G^−^Ly6C^high^ cells isolated from tumor-bearing mice were cultured in the presence or absence of Pam2CSK4. After 24 h, cells were analyzed for expression of Gr1, F4/80, and CD115. Numbers represent the percentage of gated cells. All data shown are representative of 2 independent experiments.

Pam2CSK4 enhances the immunosuppressive activity of M-MDSCs, but not G-MDSCs, through TLR2 signaling {#s0004}
----------------------------------------------------------------------------------------------------

Next, we investigated the effect of Pam2CSK4 treatment on the immunosuppressive activity of MDSCs. When ovalbumin (OVA)-specific CD8^+^ T cells from T cell receptor (TCR)-transgenic mice (OT-I mice) were cocultured with CD11c^+^ DCs from C57BL/6 wild type (B6 WT) mice, CD11b^+^Gr1^+^ MDSCs from tumor-bearing mice inhibited antigen-specific T cell proliferation in a dose-dependent manner ([Fig. 3A](#f0003){ref-type="fig"}). Interestingly, MDSC-induced T cell suppression was augmented by Pam2CSK4 ([Fig. 3A](#f0003){ref-type="fig"}). Pam2CSK4 failed to enhance the suppressive activity of TLR2^−/−^ MDSCs, suggesting that TLR2 activation was essential for this effect ([Fig. 3B](#f0003){ref-type="fig"}). Figure 3.Pam2CSK4 enhances immunosuppressive activity of M-MDSCs but not G-MDSCs *in vitro*. (A and B) CD11b^+^Gr1^+^ cells isolated from EG7 tumor-bearing mice were cultured with CFSE-labeled CD8^+^ OT-I T cells (0.5 × 10^5^), CD11c^+^ DCs (0.5 × 10^5^), and SL8 peptide in the presence of 100 nM Pam2CSK4 or PBS. CD11b^+^Gr1^+^ cells were added to the cultures at the indicated ratios. After 3 days, CFSE fluorescence of CD8^+^ T cells was analyzed by flow cytometry to measure antigen-specific T cell proliferation. CD11b^+^Gr1^+^ cells were isolated from B6 WT mice (A and B) or TLR2^−/−^ mice (B) implanted with EG7 tumors. Numbers near the brackets indicate the percentage of relevant population (thin line). Gray histograms indicate non-proliferated T cells in the absence of SL8 peptide. Each plot represents mean ± SD. n = 4. \*\*P \< 0.005. (right panel of A) (C) CD11b^+^Gr1^+^ cells isolated from tumor-bearing mice were pretreated with 100 nM Pam2CSK4 for 4 h, washed with the culture medium, and cultured with T cells and DCs as described in A. (D and E) G-MDSCs (D) or M-MDSCs (E) were cultured with CD8^+^ OT-I T cells (0.5 × 10^5^) and CD11c^+^ DCs (0.5 × 10^5^) as described in (A). (F) M-MDSCs (1 × 10^5^) were cultured with CD8^+^ OT-I T cells (0.5 × 10^5^) and CD11c^+^ DCs (0.5 × 10^5^). Data represent means ± SD. n = 4. \*\*P \< 0.005. All data shown are representative of more than 2 independent experiments.

DCs and CD8^+^ T cells also express TLR2, implying that activation in those cells might result in T cell suppression. To examine whether TLR2 ligand directly act on MDSCs and leads to increasing their suppressive activity, they were pretreated with Pam2CSK4 for 4 h, thoroughly washed to remove the ligand, then cocultured with DCs, CD8^+^ OT-I T cells, and OVA~257-264~ SIINFEKL (SL8) peptides for 3 days. We found that MDSCs increased suppressive activity on CD8^+^ OT-I T cell proliferation by pretreatment with Pam2CSK4 ([Fig. 3C](#f0003){ref-type="fig"}). We examined the possibility that TLR2 activation in MDSCs leads to the inhibition of DC maturation, thereby impairing T cell proliferation. We analyzed the expression levels of co-stimulatory molecules on CD11c^+^ DCs in the co-cultures. Pam2CSK4 increased the expression levels of CD80, CD86, and CD40 on CD11c^+^ DCs, which were not reduced in the presence of MDSCs (Fig. S2). These results suggested that Pam2CSK4-stimulated TLR2 activation in MDSCs enhanced their suppressive activity without inhibiting DC maturation.

We determined which MDSC subset was responsible for the enhanced immunosuppressive activity observed in CD11b^+^Gr1^+^ MDSCs. M-MDSCs, but not G-MDSCs, exhibited the enhanced suppressive activity induced by Pam2CSK4 ([Fig. 3D](#f0003){ref-type="fig"}, [E](#f0003){ref-type="fig"}, and [F](#f0003){ref-type="fig"}). We observed a similar outcome with M-MDSCs isolated from mice implanted with OVA-expressing Lewis lung carcinoma (LLC-OVA), suggesting that this response was generally induced in M-MDSCs generated in tumor-bearing mice (Fig. S3). Thus, Pam2CSK4 enhanced the suppressive activity of M-MDSCs.

Sequestration restores proliferation of CD8^+^ T cells suppressed by TLR2 signal-activated M-MDSCs {#s0005}
--------------------------------------------------------------------------------------------------

Enhanced inhibition of T cell proliferation in the presence of Pam2CSK4 and M-MDSCs might be due to decreased T cell viability. To test this possibility, we stained cells with 7AAD to evaluate the viability of CD8^+^ T cells after 3-day coculture with M-MDSCs, peptide, and Pam2CSK4. We did not detect a decrease in CD8^+^ T cell viability when proliferation was largely suppressed by Pam2CSK4-activated M-MDSCs (Fig. S4A), implying that impaired T cell proliferation was not due to cytotoxic effects of M-MDSCs. Therefore, we tested whether non-proliferating CD8^+^ T cells regained their proliferative capacity upon separation from Pam2CSK4-activated M-MDSCs as illustrated in Fig. S4B. Firstly, CD8^+^ T cells were cocultured for 3 days with DCs in the presence or absence of M-MDSCs and Pam2CSK4 (1^st^ culture). As shown in [Fig. 3E](#f0003){ref-type="fig"} and [F](#f0003){ref-type="fig"}, CD8^+^ T cells did not well proliferate after 3-day coculture with M-MDSCs, CD11c^+^ DCs, and SL8 peptide in the presence of Pam2CSK4 (condition *3*), but they increased in cell volume, similar to proliferating CD8^+^ T cells observed in the absence of M-MDSCs (condition *2*) (Fig. S4C). Secondly, CD8^+^ T cells were purified and cultured again in the absence of M-MDSCs for 3 days (2^nd^ culture). As expected, CD8^+^ T cells that had been precultured with CD11c^+^ DCs, but not with SL8 peptide (condition *1*), proliferated well upon stimulation with the peptide and CD11c^+^ DCs (condition *b*) (Fig. S4D). Interestingly, non-proliferating CD8^+^ T cells that had been cocultured with M-MDSCs, CD11c^+^ DCs, SL8 peptide, and Pam2CSK4 (condition *3*) underwent proliferation when they were sorted and cultured alone (i.e., without antigen stimulation, condition *a*) (Fig. S4D). Therefore, Pam2CSK4-activated M-MDSCs strongly suppressed T cell proliferation for at least 3 days; however, T cell proliferation was restored by sequestering the T cells from the M-MDSCs.

iNOS activity is critical for the TLR2 signal-enhanced suppressive activity of M-MDSCs {#s0006}
--------------------------------------------------------------------------------------

To clarify the mechanism that enhances the suppressive activity of M-MDSCs in response to TLR2 stimulation, we examined the effects of Pam2CSK4 on the production of immunosuppressive factors from M-MDSCs. NO is a critical molecule responsible for the suppressive activity of M-MDSCs and macrophages, and T cell proliferation is reversibly down-regulated by NO.[@cit0016] To examine the possibility that NO or an NO-related pathway is critical for the Pam2CSK4-enhanced suppressive activity of M-MDSCs, we tested the impact of inhibition of iNOS enzymatic activity on CD8^+^ T cell proliferation. As shown in [Fig. 4A](#f0004){ref-type="fig"}, the increase in suppressive activity mediated by Pam2CSK4 was largely abrogated by *N*^6^-(1-Iminoethyl)-L-lysine (L-NIL), an iNOS inhibitor. Similar results were observed using other iNOS inhibitors, *N*^G^-Nitro-L-arginine methyl ester (L-NAME) or *N*^G^-Monomethyl-L-arginine (L-NMMA). In contrast, N-acetyl-L-cysteine (NAC), a ROS scavenger, did not affect the suppressive activity of M-MDSCs (Fig. S5). We confirmed that NO was present in the conditioned media of M-MDSCs when they were cocultured with CD8^+^ OT-I T cells in the presence of SL8 peptide, and the levels were enhanced by Pam2CSK4 ([Fig. 4B](#f0004){ref-type="fig"}). These results suggested that NO was a critical molecule for T cell suppression by Pam2CSK4-activated M-MDSCs, as well as untreated M-MDSCs. Interestingly, NO was hardly produced in the absence of SL8 peptide, indicating that antigen presentation by M-MDSCs to CD8^+^ T cells was essential for NO production by M-MDSCs. Figure 4.iNOS activity is essential for Pam2CSK4-enhanced suppressive activity. (A) L-NIL (50 nM) was added to cultures of M-MDSCs, CD8^+^ OT-I T cells, and CD11c^+^ DCs. T cell proliferation was analyzed by flow cytometry. Numbers above the brackets indicate the percentage of relevant population. (B) Nitrites in the conditioned media of the cocultures were measured by Griess reagent. Data represent means ± SD. n = 3. \*\*P \< 0.005. (C) M-MDSCs (1 × 10^5^) were cultured with CD8^+^ OT-I T cells (0.5 × 10^5^) in the presence or absence of SL8 peptide or Pam2CSK4. iNOS expression in F4/80^+^ and F4/80^−^ cells was analyzed by flow cytometry. MT: M-MDSCs and T cells; MTS: M-MDSCs, T cells, and SL8 peptide; MTSP: M-MDSCs, T cells, SL8 peptide, and Pam2CSK4. (D) iNOS expression in F4/80^+^ cells and CD11c^+^ DCs in the cocultures was analyzed by flow cytometry. All data shown are representative of more than 2 independent experiments.

Next, we asked whether M-MDSCs or macrophages expressed iNOS when cocultured with CD8^+^ T cells in the presence of antigen, given that M-MDSCs differentiated into macrophages ([Fig. 2B](#f0002){ref-type="fig"}). We found that M-MDSC-derived CD11b^+^F4/80^+^ macrophages, but not M-MDSCs (CD11b^+^F4/80^−^), expressed iNOS for 2 days ([Fig. 4C](#f0004){ref-type="fig"}). Interestingly, iNOS expression in macrophages was increased and sustained for more than 3 days by Pam2CSK4 treatment. In contrast, iNOS was not detected in CD11c^+^ DCs ([Fig. 4D](#f0004){ref-type="fig"}). In the absence of peptide, iNOS was not detected in macrophages or M-MDSCs, suggesting that TCR-mediated activation of CD8^+^ T cells was required for iNOS expression. We have previously demonstrated that polyI:C, a ligand for TLR3, and melanoma differentiation-associated protein 5 (MDA5), modulate immunosuppressive myeloid cells including MDSCs.[@cit0022] In contrast to Pam2CSK4, polyI:C did not increase the frequency of M-MDSC differentiation into F4/80^+^ macrophages. PolyI:C also did not enhance iNOS expression in M-MDSC-derived macrophages when cocultured with CD8^+^ OT-I T cells (Fig. S6). Thus, iNOS expression was induced in M-MDSC-derived macrophages by activated CD8^+^ T cells which was sufficiently induced by antigen-presenting M-MDSC and/or macrophages; this response was augmented by the signaling from Pam2CSK4-stimulated TLR2, but not polyI:C-stimulated TLR3 or MDA5.

CD8^+^ T cell-derived IFN-γ induces iNOS expression in macrophages differentiated from M-MDSCs {#s0007}
----------------------------------------------------------------------------------------------

Macrophages express iNOS in response to IFN-γ.[@cit0025] Antigen-dependent stimulation of T cells by antigen-presenting cells results in IFN-γ production. Thus, we tested whether IFN-γ is also a critical factor for the elevated iNOS expression in M-MDSC-derived macrophages. In parallel to NO production ([Fig. 4B](#f0004){ref-type="fig"}), the concentration of IFN-γ was increased in the conditioned media of M-MDSC and CD8^+^ T cell cultures in the presence of SL8 peptide. IFN-γ concentration was increased with the frequency of IFN-γ-producing CD8^+^ T cells ([Fig. 5A](#f0005){ref-type="fig"} and Fig. S7). These results suggested that M-MDSCs and/or macrophages were capable of presenting antigen to CD8^+^ T cells, leading them to secrete IFN-γ into the conditioned medium. Although Pam2CSK4 increased the production of IL-12, which induces IFN-γ from CD8^+^ T cells, IFN-γ production did not appear to be related to IL-12 production in this condition ([Fig. 5A](#f0005){ref-type="fig"}). As shown in [Fig. 5B](#f0005){ref-type="fig"}, anti-IFN-γ neutralizing antibody largely abrogated iNOS expression in M-MDSC-derived macrophages induced by SL8 peptide in the presence and absence of Pam2CSK4. Recombinant IFN-γ induced iNOS expression in F4/80^+^ macrophages, which was augmented by Pam2CSK4 ([Fig. 5C](#f0005){ref-type="fig"}). We confirmed the expression of IFNGR1, a subunit of IFN-γ receptor, on the surface of F4/80^high^ macrophages differentiated from M-MDSCs ([Fig. 5D](#f0005){ref-type="fig"}). By contrast, IFN-γ did not induce iNOS expression in G-MDSCs ([Fig. 5E](#f0005){ref-type="fig"}). IFNGR1 was not detected on G-MDSCs ([Fig. 5F](#f0005){ref-type="fig"}). Pam2CSK4 enhanced macrophage differentiation and survival but did not enhance IFNGR1 expression ([Fig. 5D](#f0005){ref-type="fig"}). These results suggested that naïve CD8^+^ T cells were stimulated by antigen-presenting M-MDSC/macrophages and produced IFN-γ, which induced iNOS expression in macrophages differentiated from M-MDSCs. These responses were augmented by Pam2CSK4 through the activation of TLR2 signaling which increased the differentiation of M-MDSCs into macrophages. Figure 5.CD8^+^ T cell-produced IFN-γ induces iNOS expression in M-MDSC-derived macrophages. (A) The concentrations of IFN-γ (left panel) or IL-12p40 (right panel) in the conditioned media of CD8^+^ T cells cultured with M-MDSCs (ratio 1:2) were determined by ELISA. Data are shown as means ± SD. n = 3. \*P \< 0.05. (B) iNOS expression in F4/80^+^ cells after coculture of M-MDSCs with CD8^+^ OT-I T cells for 24 h in the presence of Pam2CSK4, anti-IFN-γ antibody, and/or isotype control antibody (isotype Ctrl.). Numbers above the brackets indicate the percentage of relevant population. (C) iNOS expression in F4/80^+^ cells derived from M-MDSCs cultured for 24 h in the presence of recombinant IFN-γ (200 U/mL) and Pam2CSK4. (D) IFNGR1 expression was determined in F4/80^+^ or F4/80^−^ cells after 24-h culture in the presence of Pam2CSK4. Cells were stained with anti-IFNGR1 Ab (black line histogram) or isotype control Ab (gray-filled histogram). (E) iNOS expression in G-MDSCs after 24-h culture in the presence of IFN-γ (200 or 600 U/mL) and Pam2CSK4. (F) IFNGR1 expression in G-MDSCs. Cells were stained with anti-IFNGR1 Ab (black line histogram) or isotype control Ab (gray-filled histogram). All data shown are representative of more than 2 independent experiments.

Activation of TLR2 signaling increases iNOS-expressing macrophages in tumors {#s0008}
----------------------------------------------------------------------------

Tumor-infiltrating M-MDSCs and macrophages contribute to the generation of immunosuppressive conditions in the tumor microenvironment, where M-MDSCs rapidly differentiate into macrophages.[@cit0026] We tested whether Pam2CSK4 treatment increased the number of iNOS-expressing macrophages in the tumor and prevented CTL-mediated anti-tumor immunity induced by TLR2-activated DCs. We examined the frequency of iNOS-expressing macrophages in tumors after the treatment of EG7 tumor-bearing mice with Pam2CSK4 and OVA protein. The proportion of iNOS-expressing CD11b^+^F4/80^+^ macrophages was increased with treatment in WT but not in TLR2^−/−^ mice ([Fig. 6A](#f0006){ref-type="fig"}). This effect was not observed in monotherapy with OVA protein (Fig. S9). Co-administration of Pam2CSK4 and OVA protein increased the concentration of IFN-γ in tumors ([Fig. 6B](#f0006){ref-type="fig"}). This response was largely abrogated in CD8^+^ T cell-depleted mice, generated by anti-CD8β antibody treatment. These data indicated that treatment with Pam2CSK4 and antigen led to production of IFN-γ by activated CD8^+^ T cells, which induced iNOS expression in tumor-infiltrating macrophages. Next, we tested whether blockade of iNOS activity with an iNOS inhibitor enhanced the inhibitory effect of Pam2CSK4 treatment on tumor growth in mice. As shown in [Fig. 6C](#f0006){ref-type="fig"}, L-NAME treatment slightly but significantly enhanced the inhibition of tumor growth induced by Pam2CSK4 and OVA protein ([Fig. 6C](#f0006){ref-type="fig"}). OVA protein and/or L-NAME did not affect the tumor growth (Fig. S8A). We also tested if the iNOS inhibitor affected tumor growth in other tumor implant models than EG7 to examine the general sharing of this phenomenon with cancer cell lines. Similar results were obtained by L-NAME treatment in LLC-OVA tumor implant model ([Fig. 6D](#f0006){ref-type="fig"}, and Fig. S8B). L-NIL also potentiated tumor growth inhibition by Pam2CSK4 treatment ([Fig. 6E](#f0006){ref-type="fig"} and Fig. S8B). Thus, these results indicate that, through the induction of IFN-γ production by CD8^+^ T cells, Pam2CSK4 plus antigen treatment increased iNOS expression in macrophages in tumors, which may negatively regulate anti-tumor immunity induced by DC-mediated CTL activation. Figure 6.Blocking of iNOS activity augments the therapeutic potential of Pam2CSK4 in tumor-bearing mice. (A) B6 WT or TLR2^−/−^ mice bearing EG7 tumors were treated with Pam2CSK4 and OVA protein. After 24 h, tumors were excised and iNOS expression in CD11b^+^F4/80^+^ cells was analyzed by flow cytometry. Numbers adjacent to outlined areas indicate the percentage of relevant population. (B) EG7 tumor-bearing mice were pretreated with anti-CD8β antibody for 24 h. Pam2CSK4 (Pam2) and OVA protein were injected into the mice. After 24 h, tumor lysate was prepared and IFN-γ concentration was measured by ELISA. IFN-γ levels were represented as IFN-γ (ng) /tumor (g). (C, D and E) B6 WT mice bearing EG7 (C) or LLC-OVA (D and E) tumors were treated with Pam2CSK4 and OVA protein as indicated by arrows. Mice were treated daily with L-NAME (2 mg) (C and D), L-NIL (0.5 mg) (E), or PBS. Data are shown as means ± SD. n = 4-5. \*p \< 0.05. All data shown are representative of more than 2 independent experiments.

Discussion {#s0009}
==========

Our data demonstrated that TLR2 activation in M-MDSCs resulted in enhanced suppressive activity on T cell proliferation. M-MDSCs/and M-MDSDC-derived macrophages were capable of presenting antigen to CD8^+^ T cells, leading to transient induction of IFN-γ production. IFN-γ induced iNOS expression in macrophages. This mechanism is important for the suppressive activity of M-MDSCs both in the presence and absence of TLR2 ligand. Thus, our findings provide insight into a fundamental mechanism of T cell suppression by M-MDSCs. We propose that the mechanism of Pam2CSK4-enhanced suppression of T cell proliferation by M-MDSCs is largely divided into three steps ([Fig. 7A](#f0007){ref-type="fig"}). Firstly, Pam2CSK4 increases the viability of M-MDSCs and the frequency of differentiation into macrophages through TLR2 signaling. Secondly, M-MDSCs and/or macrophages present antigen to naïve CD8^+^ T cells and activate them to produce IFN-γ. Finally, IFN-γ induces iNOS expression in macrophages, which is increased by Pam2CSK4, leading to NO-mediated suppression of CD8^+^ T cell proliferation induced by DCs. Pam2CSK4 and antigen treatment increased IFN-γ production from CD8^+^ T cells and iNOS-expressing macrophages in tumors. iNOS inhibitors potentiated the therapeutic effect. Taken together, these data indicate that administration of TLR2 ligands leads to prolonged survival and enhanced suppressive activity of M-MDSCs largely dependent on NO production. TLR2 activation in M-MDSCs leads to dampening of tumor growth inhibition induced by TLR2-activated DCs. Consequently, targeting iNOS activity could overcome the limitations of current treatment using TLR2 ligands ([Fig. 7B](#f0007){ref-type="fig"}). Figure 7.Putative mechanism of Pam2CSK4-enhanced immunosuppression by M-MDSCs. (A) M-MDSCs differentiate into macrophages. Pam2CSK4 increases their survival and differentiation through TLR2 signaling (Step 1). M-MDSCs and/or macrophages present peptide to CD8^+^ T cells, and transiently activate them to produce IFN-γ (Step 2). IFN-γ induces iNOS expression in macrophages differentiated from M-MDSCs. iNOS-generated NO inhibits T cell proliferation induced by DCs (Step 3). In contrast to M-MDSCs, DCs undergo maturation and activation in the presence of Pam2CSK4 and IFN-γ, leading to T cell proliferation. (B) By using iNOS inhibitor, NO-mediated T cell suppression by Pam2CSK4-activated M-MDSCs/macrophages is abrogated, thereby DCs can strongly induces the activation/proliferation of anti-tumor CD8^+^ T cells, leading to tumor regression.

Both subsets of MDSCs expressed TLR2 and showed prolonged survival by Pam2CSK4 treatment. Thus, administration of TLR2 ligand enhances accumulation of MDSCs. Intracellular TLR2 signaling appears to be sufficient for inducing prolonged survival of MDSCs. In addition, TLR2 activation may promote differentiation of M-MDSCs into macrophages, which may involve IL-15 or other molecules.[@cit0020] Further study is required to identify the genes critical for inducing prolonged survival and differentiation of TLR2-activated MDSCs.

TLR2 signaling enhanced the suppressive activity of M-MDSCs but not G-MDSCs. This difference is probably attributable to the reactivity of each MDSC subset to the IFN-γ produced by antigen-stimulated T cells. Selective expression of iNOS in macrophages may be, in part, due to high expression of IFNGR1 on the macrophages compared with undifferentiated M-MDSCs and G-MDSCs. In contrast, splenic CD11c^+^ DCs express IFNGR but did not show iNOS expression in the presence of IFN-γ. These differential responses of myeloid cells to IFN-γ may be important in the regulation of tumor growth. The intracellular signaling pathway that increases *Nos2* promoter activity in M-MDSC-derived macrophages through STAT1[@cit0025] may be absent from CD11c^+^ DCs. Alternatively, IFN-γ-induced STAT1 signaling may be negatively regulated by PIAS1 and STAT3, as observed in IL-15-induced DCs.[@cit0028] Analyzing the differential responses of M-MDSC-derived macrophages and CD11c^+^ DCs to IFN-γ could help us identify a critical molecule for the regulation of immunosuppression by M-MDSCs.

M-MDSC-mediated T cell suppression is reportedly dependent on the production of NO and Arg1, as well as immunosuppressive cytokines including IL-10 and TGF-β.[@cit0029] In our experimental condition, iNOS activity was critical for the *in vitro* suppressive activity of Pam2CSK4-treated, as well as untreated, M-MDSCs. In the presence of Pam2CSK4, M-MDSCs, at a ratio of 2:1 with T cells/DCs, almost completely inhibited CD8^+^ T cell proliferation induced by DCs. The non-proliferative state of CD8^+^ T cells induced by M-MDSCs appears to be reversible because T cells proliferated well after sequestration from Pam2CSK4-activated M-MDSCs. This observation was in agreement with evidence that NO reversibly inhibits T cell proliferation through inhibition of Jak3/STAT5 signaling downstream of the IL-2 receptor.[@cit0021] We demonstrated that CD8^+^ T cells transiently proliferated and produced IFN-γ on day 1 of coculture in the presence of M-MDSCs and Pam2CSK4, but those responses were inhibited on days 2 and 3. Therefore, our data suggest that once the TCR signaling pathway is activated in T cells, the resulting NO production by M-MDSC-derived macrophages contributes to dampening the proliferation of CD8^+^ T cells. NO-mediated suppression of T cell proliferation is distinct from TCR modification by G-MDSC-derived PNT, which leads to T cell tolerance.[@cit0030] Co-administration of an iNOS inhibitor and TLR2 ligand is likely to be effective for eliminating the suppression of CD8^+^ T cell proliferation by M-MDSC-derived macrophages expressing iNOS, leading to an increase in therapeutic efficacy without influencing the function of DCs.

TLR signaling pathways differentially modulate the function of MDSCs. Similar to Pam2CSK4, endogenous TLR2 ligand, Hsp72, derived from cancer cells promote tumor growth by inducing generation and systemic accumulation of MDSCs.[@cit0019] S100A8/9 induces a similar effect through TLR4.[@cit0031] By contrast, activation of TLR3, TLR7/8, or TLR9 by administration of an appropriate ligand leads to loss of the suppressive activity of MDSCs, resulting in the inhibition of tumor growth by restoring anti-tumor T cell responses.[@cit0023] Notably, we observed that the frequency of iNOS expression in M-MDSC-derived macrophages was not increased by polyI:C treatment. Thus, augmentation of the suppressive activity of M-MDSCs appears to be specific to TLR2 signaling. This difference may be caused by an inability of polyI:C to activate or sustain survival of MDSCs. In addition, polyI:C and CpG ODN induces the production of type-I IFNs, which directly stimulate M-MDSCs to lose their immunosuppressive activity.[@cit0024] In contrast, polyI:C-induced activation of the TLR3-TIR domain-containing adapter molecule-1 (TICAM-1)-IFN-α/β signaling axis induces the production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) by CD11b^+^Ly6G^+^ G-MDSCs, resulting in inhibition of EL4 and B16 tumor growth.[@cit0024] In this case, M-MDSCs are not involved in tumor regression induced by polyI:C. Taken together, MDSC subsets have potential to become both a positive and negative regulator of tumor growth, which can be modulated by TLR ligands.

TLR signaling pathways are promising targets for cancer immunotherapy.[@cit0036] TLR2 signaling induces a potent anti-tumor response, which is primarily mediated through maturation of DCs.[@cit0004] The proportion of immunosuppressive myeloid cells, including MDSCs, is generally increased as a tumor grows, and they accumulate dramatically in patients with late-stage cancer.[@cit0038] Therefore, TLR2-enhanced immunosuppressive activity of myeloid cells may limit the clinical application of TLR2 ligands for cancer treatment. We propose that, in addition to enzymatic activity of iNOS, TLR2 signal transduction in MDSCs/macrophages, or the mechanism of M-MDSC differentiation into macrophages are possible targets for potentiating the therapeutic efficacy of TLR2 ligands ([Fig. 7A](#f0007){ref-type="fig"} and [B](#f0007){ref-type="fig"}). Alternatively, artificial TLR2 ligands that are modified to specifically activate CD11c^+^ DCs may improve clinical outcomes in cancer therapy, as they appear to stimulate M-MDSCs to a lesser degree.[@cit0039] We and other groups have uncovered that TLR2 activation also promotes tumor growth and disables cancer treatment by different mechanisms.[@cit0011] Therefore, combinational use of iNOS inhibitor and blocking agents which abrogate other suppressive effects of TLR2 signaling might further improve the therapeutic efficacy of the ligands.

Emerging evidence obtained from mouse models have suggested that tumor-supportive phenotype of tumor-associated myeloid cells could be a target of cancer immunotherapy.[@cit0002] This concept is now applicable to the human innate immune system. Repolarization of tumor-associated macrophages in human colorectal cancer (CRC) orchestrates anti-tumor immunity.[@cit0042] We provide evidence that therapeutic intervention by manipulating innate immune signaling pathway may sometimes potentiate tumor-supporting phenotype of myeloid cells, thereby accelerating tumor growth.

In summary, this study revealed a negative impact of TLR2 signaling in MDSCs on CD8^+^ T cell proliferation, thereby inhibiting anti-tumor immunity. When selecting TLR ligands for the development of cancer immunotherapy, we should consider the effects of TLR activation on immunosuppressive myeloid cells, which will influence the clinical response of cancer patients to the adjuvant therapy.

Materials and methods {#s0010}
=====================

**Mice and cell lines** C57BL6/J mice (6- to 8-week-old, female) were purchased from Clea Japan (Tokyo, Japan). TLR2^−/−^ mice were kindly provided by Dr. S. Akira (Osaka University, Osaka, Japan). IL-6^−/-^ mice were purchased from Charles River (Yokohama, Japan). OT-I TCR-transgenic mice were provided by Dr. Ishii (Tohoku University, Sendai, Japan). Mice were maintained under specific-pathogen-free conditions in the Hokkaido University Animal Facility (Sapporo, Japan). Mice aged 8- to 12-week-old were used in all experiments, which were performed according to the animal experimental ethics committee guidelines of Hokkaido University. All mice were used according to the guidelines of the Institutional Animal Care and Use Committee of Hokkaido University, which approved this study under ID numbers 08--0290, 13--0043, and 16--0045.

EG7 cells, purchased from ATCC (American Type Culture Collection, Manassas, VA, USA), were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 55 µM 2-mercapto-ethanol (2-ME), 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin (Life Technologies, Carlsbad, CA, USA). LLC-OVA cells[@cit0043] kindly provided by Dr. T. Nishimura and Dr. H. Kitamura (Hokkaido University, Sapporo, Japan), were cultured in Iscove\'s Modified Dulbecco\'s Medium (IMDM) supplemented with 10% FBS, 2 mM L-glutamine, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 55 µM 2-ME, 100 U/mL penicillin, 100 µg/mL streptomycin (Life Technologies), and 50 µg/ml G418 (Roche, Basel, Switzerland).

**Tumor challenge** Mice were shaved at the back and subcutaneously injected with EG7 cells (2 × 10^6^) or LLC-OVA cells (1 × 10^6^) suspended in 200 µl phosphate buffered saline (PBS). Tumor size was measured using calipers. Tumor volume was calculated using the following formula: tumor volume (cm^3^) = (long diameter) × (short diameter)[@cit0002] × 0.4. Mice were injected subcutaneously with Pam2CSK4 and purified EndoGrade® endotoxin-free OVA protein (Hyglos, Bernried, Germany) when tumor size reached 0.6 to 0.8 cm^3^. Pam2CSK4 and OVA protein (100 µg) were suspended in 200 µl PBS and 100 µl of the mixture was injected at 2 different sites around the tumors (200 µl/mouse). In some experiments, tumor-bearing mice were treated i.p. daily with L-NAME (2 mg/200 µl) or L-NIL (0.5 mg/200 µl) to block iNOS activity.

**Antibodies and reagents** FITC-anti-CD45 (30-F11); Alexa Fluor® 700- or APC-anti-CD45.2 (104); Alexa Fluor® 700-, FITC-, or PE-anti-CD11b (M1/70); biotin-, PE-, or APC-anti-Gr-1 (RB6-8C5); biotin-, FITC-, or APC-anti-Ly6G (1A8); FITC- or APC-anti-Ly6C (HK1.4); FITC- or PE-anti-CD8a (53-6.7); APC-anti-CD3 (145-2C11); PE-anti-TCRvβ5.1/5.2 (MR9-4); PE-anti-CD80 (16-10A1); PE-anti-CD86 (GL-1); FITC-, PE-, or APC-anti-CD11c (N418); PE-anti-H-2K^b^/D^b^ (28-8-6); Biotin-anti-IFNGR1 (2E2); purified anti-CD16/CD32 (2.4G2); and isotype antibodies were purchased from BioLegend (San Diego, CA, USA). PE-anti-CD40 (1C10), and PE-anti-NOS2 (CXNFT) antibodies were purchased from eBioscience (San Diego, CA, USA). 2,3-bis(palmitoyl) propyl Cys-Ser-Lys-Lys-Lys-Lys (Pam2CSK4) was synthesized by Biologica Co. Ltd (Nagoya, Japan). *N^G^*-Monomethyl-L-arginine, monoacetate salt (L-NMMA), and *N^G^*-Nitro-L-arginine methyl ester hydrochloride (L-NAME) were purchased from Merck KGaA (Darmstadt, Germany) or Sigma-Aldrich (St. Louis, MO, USA). L-N^6^-(1-Iminoethyl) lysine dihydrochloride (L-NIL) and N-acetyl-L-cysteine (NAC) was purchased from Cayman Chemical (Ann Arbor, MI) and Sigma-Aldrich, respectively. Carboxyfluorescein diacetate succinimidyl ester (CFSE) was purchased from Life Technologies (Carlsbad, CA, USA). OVA~257--264~ peptide (SIINFEKL, SL8 peptide) was purchased from MBL (Nagoya, Japan). PI was purchased from Sigma-Aldrich. NO in the conditioned media was measured by using the NO~2~/NO~3~ Assay Kit-C II (Colorimetric)-Griess Reagent Kit according to the manual (Dojindo, Kumamoto, Japan). WST-1 assay was performed according to the manufacturer\'s instructions (Dojindo). Ready-set-Go ELISA kits (eBioscience) were used to determine the concentration of mouse IFN-γ and IL-12p40.

**Isolation of cells** CD11b^+^Gr1^+^ cells were isolated by MACS® using biotinylated anti-Gr-1 antibody and streptavidin microbeads (Miltenyi Biotec, Gladbach, Germany) from single-cell suspension of spleens from EG7 tumor-bearing mice 2 to 3 weeks after tumor challenge. To isolate M-MDSCs, single-cell suspensions of splenocytes from tumor-bearing mice were stained with biotin-anti-Ly6G antibody and streptavidin microbeads. The labeled cells were applied to an LD column and the flow-through fraction was collected, then applied to an LS column. Ly6G^−^ cells in the flow-through were collected, stained with biotin-anti-Gr-1 antibody (RB6-8C5) and streptavidin microbeads, and applied sequentially to an LS and MS column. The positive cell fraction was collected and used as CD11b^+^Ly6G^−^Ly6C^high^ M-MDSCs. To isolate G-MDSCs, single-cell suspensions of splenocytes isolated from tumor-bearing mice were stained with biotin-anti-Ly6G antibody and streptavidin microbeads. The labeled cells were applied to an LS column, followed by an MS column. The positive cell fraction was collected and used as CD11b^+^Ly6G^+^Ly6C^low^ G-MDSCs. The purity and CD11b expression of cells in each fraction was confirmed by flow cytometry. Splenic CD11c^+^ DCs were purified from splenocyte suspensions from naïve B6 WT mice using anti-CD11c microbeads (Miltenyi Biotec). CD8^+^ OT-I T cells were purified from the spleens of OT-I TCR-transgenic mice by using anti-CD8α microbeads or a CD8α^+^ T Cell Isolation Kit (Miltenyi Biotec). Cells were cultured in RPMI-1640 medium supplemented with 10% FBS, 55 µM 2-ME, 100 U/mL penicillin, and 100 µg/mL streptomycin (Life Technologies).

**Flow cytometric analysis** Single-cell suspensions from *in vitro* cultures or from tumors were incubated with anti-CD16/32 antibody, then stained with fluorescent antibodies. Intracellular staining of iNOS was performed using the BD Cytofix/Cytoperm™ kit (BD Biosciences, San Jose, CA, USA). Samples were analyzed on a FACS Calibur or FACS Aria II (BD Biosciences) and data analysis was performed with FlowJo® software (Tree Star, Ashland, OR, USA).

**T cell proliferation assay** T cell proliferation was measured by changes in fluorescence intensity using CFSE. CD8^+^ OT-I T cells were labeled with 1 μM CFSE for 10 min, washed twice with culture medium, then mixed with splenic CD11c^+^ DCs and/or MDSCs isolated from tumor-bearing mice. The mixture was cultured in a round bottom 96-well plate in the presence or absence of 50 nM SL8 peptide and/or 100 nM Pam2CSK4. After 3 days, cells were harvested, stained with APC-anti-CD8α, PE-anti-TCRvβ5.1/5.2, and Alexa Fluor® 700-anti-CD3ε antibodies. The CFSE signal of gated lymphocytes was analyzed with a FACS Calibur or FACS Aria II. The extent of cell proliferation was quantified by FlowJo® software (Tree Star).

**Adoptive transfer** CD11b^+^Gr1^+^ cells were isolated from the spleens of tumor-bearing mice, labeled with 1 µM CFSE for 10 min, and washed twice with culture medium. CFSE-labeled CD11b^+^Gr1^+^ MDSCs (1 × 10^7^) were injected into EG7 tumor-bearing mice. After 1 h, the mice were injected intravenously with 50 nmol Pam2CSK4 or PBS. After 24 h, single-cell splenocyte suspensions were incubated with anti-CD16/32 antibody to block Fc receptors. Cells were then stained with fluorescent antibodies. Samples were analyzed by flow cytometry using a FACS Aria II (BD Bioscience); data analysis was performed using FlowJo® software (Tree Star).

**Quantitative PCR** Total RNA was prepared using an RNeasy Mini Kit (QIAGEN, Venlo, Netherlands) and used for cDNA synthesis with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Foster City, CA, USA). Quantitative PCR was performed with the StepOne™ Real-Time PCR system (Applied Biosystems™). Primer sequences for murine gene products were as shown in Supplementary Table 1.

**Statistics** Statistically significant differences between two groups were determined using the Student\'s t-test.
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